Acute myeloid leukemia with t(8;21)(q22;q22) is a distinct type of leukemia considered to have a favorable prognosis. However, some patients rapidly succumb to disease despite chemotherapy. We studied 56 patients with acute myeloid leukemia associated with t(8;21) and correlated clinicopathologic, cytogenetic and molecular findings with outcome to identify markers of prognosis. In a subset of patients, we also assessed the status of the c-KIT, FLT3 and RAS genes. There were 31 men and 25 women, with a median age of 38 years (range 4-76). The follow-up period ranged from 17 to 104 months (median 52). At the last follow-up, 29 patients had died, 25 patients were in complete remission and two patients were alive with disease. The median survial was 38 months. The 5-year overall survival rate of newly diagnosed patients was 56%. Most patients (39/56, 70%) had chromosomal aberrations in addition to t(8;21), with loss of a sex chromosome (39%) being most common followed by del(9q)(q21-22) (11%) and trisomy 8 (7%). These aberrations, however, did not predict survival. C-KIT (D816V or D816Y), FLT3 (ITD or D835) and RAS mutations were detected in 26, 10 and 7%, respectively, of cases assessed. The 5-year overall survival rate of patients with mutated leukemia was 20%. No mutations were observed in three patients who died within 7 months of diagnosis. Leukocytosis or CD56 expression did not correlate with a poor survival nor did the levels of CD19 expression predict c-KIT mutation status. We conclude that acute myeloid leukemia associated with t(8;21) is a heterogeneous disease with poor survival in a subset of patients unrelated to common secondary cytogenetic aberrations. Keywords: t(8;21); cytogenetics; c-KIT mutation The t(8;21)(q22;q22) is the most common cytogenetic abnormality in acute myeloid leukemia (AML), occurring in up to 12% of patients.
The t(8;21)(q22;q22) is the most common cytogenetic abnormality in acute myeloid leukemia (AML), occurring in up to 12% of patients. 1 As a result of t (8;21) , the ETO (MTG8) gene on chromosome 8 is fused to the AML1 (RUNX1) gene on chromosome 21, producing a novel chimeric gene, AML1-ETO. The AML1 gene encodes the alpha subunit of core-binding factor (CBF) that is essential for normal hematopoiesis. AML1-ETO fusion gene disrupts the CBF transcription complex, thus initiating the first step of leukemogenesis. 2 The AML1-ETO fusion protein is a multifunctional cellular protein that affects cell differentiation, proliferation, apoptosis and self-renewal. 3 Evidence suggests that additional cytogenetic aberrations may act synergistically with AML-ETO in leukemogenesis. 3 AML with t(8;21), similar to AML with inv(16) or t (15;17) , is generally considered a disease with an overall favorable prognosis characterized by a higher response rate and longer median survival compared with other types of AML. This concept is adopted in the current World Health Organization Classification. 4 Of the two references cited by the WHO classification, both published in 1998, 5, 6 one was a British study of 1612 AML patients in which 122 patients had AML with t(8;21). The 5-year overall survival (OS) rate of patients with t(8;21) was 69% compared to 42% in AML patients with a normal karyotype. 5 In another study, 6 the survival of patients with t(8;21), inv (16) and t (15;17) were analyzed as a group of 57 cases from a cohort of 285 AML patients. The estimated 5-year survival rate of this group was 50% compared to 32% for AML with a normal karyotype.
We have observed variable clinical outcomes in AML associated with t(8;21), with some patients rapidly succumbing to the disease within a few months of diagnosis despite chemotherapy. An older study of 41 patients with t(8;21) treated in our hospital during the period of [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] found that the median survival was 17 months (range: 0.5-138) with a 3-year survival rate of 31%. 7 A more recent study of 31 patients published by a different group made a similar observation with a median OS of 12.5 months. 8 In patients with poor outcome, several adverse prognostic indicators have been suggested as possible explanations. Among these are certain secondary cytogenetic aberrations, leukocytosis, CD56 expression and extramedullary manifestations. Review of the literature found that some suggested indicators, most notably CD56 9 and extramedullary involvement, 10 were identified in a single or relatively small studies; others were based on the patients treated with different protocols [11] [12] [13] [14] or included secondary leukemia, 15 rendering it difficult to compare and draw consistent conclusions. This is particularly true regarding implications of additional cytogenetic aberrations. Loss of a sex chromosome and del(9q) have been reported to adversely, 16 favorably 1, 17, 18 or marginally affect the survival of patients with t(8;21). 5, 15, 19, 20 Earlier studies were largely based on the observation of patients treated with conventional chemotherapy regimens with idarubicin and cytarabine (ara-C). A new therapeutic regimen based on the combination of fludarabine and ara-C has been introduced in the past decade. Bone marrow transplantation has increasingly become a part of the therapeutic approach. Molecular genetic investigation also revealed that receptor tyrosine kinase (RTK) gene mutations may impact outcome in patients with AML with t(8;21). [21] [22] [23] [24] To further investigate the role of previously identified prognostic indicators in AML with t(8;21), particularly cytogenetic findings, in light of the advances in the past decade, we examined 56 cases of AML with t(8;21) diagnosed and treated in our hospital from May 1995 to July 2005. We reviewed the cytogenetic data of each case in the context of the overall clinicopathologic presentation and correlated the results with overall survival. We also selectively analyzed for c-KIT gene mutations in a subset of cases and reviewed FLT3 and RAS gene status in those cases that were analyzed routinely at the time of initial evaluation at our hospital.
Materials and methods

Patients Selection
We searched the files of our hospital for patients with AML carrying t(8;21)(q22;q22) from 1995 to 2005. Diagnosis and classification were based on WHO classification criteria. 4 
Conventional Cytogenetics and FISH Studies
Metaphase cells from bone marrow aspirate samples were cultured for 24 and 48 h using previously described methods. 25 The slides were prepared and G-banded by conventional methods. A minimum of two metaphases was required for the presence of a clonal abnormality. Fluorescence in situ hybridization (FISH) was performed on a fresh dropped slide from harvested bone marrow aspirate specimen or a G-banded slide using a commercially available probe (Vysis, Downers Grove, IL). 25 A total of 200 interphases or 10 metaphases were analyzed. (Carl Zeiss, Thornwood, NY).
RT-PCR
Following reverse transcription, AML1-ETO transcripts were analyzed by qualitative or quantitative TaqMan RT-PCR (Ipsogen, Marseille, France). The Kasumi-1 and HL-60 cell lines were used as positive and negative controls, respectively. Sequencing analysis of exons 8 and 17 of the c-KIT gene was performed using genomic DNA extracted from bone marrow aspirate samples and methods described previously. 23 Methods for detecting FLT3 internal tandem repeat (ITD) or D835 point mutation and an assay to detect RAS mutations were described previously.
26,27
Flow Cytometry Immunophenotyping
Peripheral blood or bone marrow aspirate specimens were collected in EDTA tubes. Three-or four-color flow cytometric analysis was performed using FACScan or FACSCaliber cytometer (BD Biosciences, San Jose, CA) as described previously. 25 A panel of monoclonal antibodies was performed, including CD3, CD7, CD10, CD13, CD19, CD20, CD34, CD64 and CD117, as well as HLA-DR and TdT (terminal deoxynucleotidyl tansferase). CD56 was also performed in a subset of cases. The percentage of blasts expressing CD19 or CD56 was recorded and used for statistical analysis.
Results
We initially identified 66 patients diagnosed with AML associated with t(8;21); 11 patients were excluded from the study, including seven who had therapy-related AML, two who had blast crisis of chronic myelogenous leukemia, and one who declined treatment. The study group included 56 patients with leukemia-38 newly diagnosed, 17 relapsed and one primary refractory. The clinicopathologic features of the 56 patients are summarized in Table 1 .
Most patients (n ¼ 39, 70%) had chromosomal aberrations in addition to t(8;21). The frequency of additional aberrations did not differ significantly between newly diagnosed cases vs relapsed/ refractory cases: 25/38 (66%) vs 14/18 (78%); P ¼ 1.00 (Fisher's exact test). Loss of a sex chromosome (n ¼ 22, 39%) was most common followed by del(9q)(q21-22) (n ¼ 6, 11%) and trisomy 8 (n ¼ 4, 7%). Seven patients had a complex karyotype. No individual secondary chromosomal amoralities were more common in either newly diagnosed or relapsed/refractory cases (Fisher's exact test).
For the newly diagnosed patients, most (68%) were treated with a regimen consisting of a combination of fludarabine and ara-C and the complete remission rate was 95%. Fourteen (37%) patients subsequently relapsed and were reinduced with various salvage protocols including bone marrow transplantation in nine patients. No patient received bone marrow transplantation during the first remission. All relapsed/refractory patients referred to our hospital were initially treated with conventional chemotherapy regimens with idarubicin or daunorubicin with ara-C at the outside hospitals.
The follow-up period ranged from 17 to 104 months, with a median of 52 months. At time of last follow-up, 29 patients died, 25 patients were in complete remission and two patients were alive with disease. The median survival was 38 months. The 5-year OS rate was 47%, with 95% confidence interval (CI) of 35-62% (Figure 1 ). The 3-year and 5-year survival rate of 38 newly diagnosed patients was 63% (95% CI: 54-70%) and 56% (95 CI: 48-64%), respectively. Age and gender did not predict OS, nor did total leukocyte count using a cutoff of either 20 or 30 k/ml (P ¼ 0.5).
Impact of Additional Cytogenetic Aberrations on OS
First, all patients were divided into two subgroups for the analysis of prognosis: group 1: isolated t(8;21) and group 2: t(8;21) plus other cytogenetic aberrations. The 5-year OS rates for groups 1 and 2 were 47% (CI: 30-76%) and 46% (CI: 32-66%), respectively (P ¼ 0.81) (Figure 2 ). Exclusion of refractory and relapsed patients from the analysis yielded a similar result (P ¼ 0. 19) Comparison between patients with a complex karyotype and those with isolated t(8;21) also found no significant difference in survival for the entire cohort (P ¼ 0.91) (Figure 3 ) or newly diagnosed patients (P ¼ 0.25). Additional
Impact of Loss of a Sex Chromosome or del(9q) on OS
Loss of a sex chromosome was found in 22 (39%), chromosome Y in 15 (27%) and chromosome X in seven (13%) patients. The age of the affected patients ranged from 16 to 69 (median 53 years). The OS was not significantly different between patients with loss of Y chromosome and other male patients (P ¼ 0.14) (Figure 4) . Similarly, OS was not significantly different between patients with loss of an X chromosome and other female patients (P ¼ 0.18) ( Figure 5 ). A similar finding was observed when six patients with del(9) were compared with patients without del(9) (P ¼ 0.82) ( Figure 6 ).
Impact of CD19 Or CD56 Expression on OS
The percentages of CD19-positive blasts ranged from 0 to 94% with a median of 58%. CD56 was analyzed only in 29 (18 newly diagnosed) patient samples and the percentage of blasts positive for the marker ranged from 0 to 87%. Seven (39%) patient had CD56 expression in 30% of leukemic cells. Expression levels of CD56 or CD19 did not predict OS based on the fitted univariate Cox proportional hazards model (P ¼ 1.0 and P ¼ 0.937, respectively). Additional cytogenetics in leukemia with t(8;21) P Lin et al and four others had additional aberrations. CD19 expression varied from absent (o1%) in one case to partial (28-43%) in three cases and most cells in one case (79%). FLT3 and RAS mutations were identified in 3/29 (10%) and 2/27 (7%) cases assessed. No case had both FLT3 and RAS mutations. FLT3 mutations were of internal tandem repeat type in two cases and D835 point mutation type in one case. Four of these five patients died within 25 months of diagnosis.
When cases with any mutation were grouped and compared with the remainder of patients in the study group, the 5-year OS rate of patients with mutated AML was 20% (CI: 6-69%) compared to 52% (CI: 39-70%) (P ¼ 0.01) for the remainder of patients (Figure 7) . A similar analysis performed for the newly diagnosed cases yielded a similar result (P ¼ 0.007).
Discussion
As it was first described by Rowley 28 in 1973, AML with t(8;21) has been recognized as a distinct subtype of AML with a more favorable prognosis. Despite the high complete remission rate and OS, the clinical outcome of these patients is heterogeneous. In this study, eight (14%) patients died within 1 year and 24 (43%) patients died within 2 years of diagnosis. In sum, 93% of patients who eventually succumbed to disease died within 3 years of diagnosis and the 5-year OS of newly diagnosed patients was 56%.
Adverse prognostic factors reported in AML with t(8;21) included leukocytosis, certain secondary cytogenetic aberrations, extramedullary manifestations, CD56 expression and, more recently, c-KIT mutation. Many earlier studies were limited by small sample size or heterogeneous patient composition resulting in conflicting data, especially regarding the role of secondary cytogenetic aberrations. Table 2 summarizes the published data on the subject of additional cytogenetic aberrations in AML with t (8;21) . Notably, the loss of a sex chromosome and deletion of chromosome 9q are most common and their impact on survival is controversial. 1, 5, 15, [17] [18] [19] [20] In this study, we confirmed that the loss of a sex chromosome and del(9q) were common, in 22 (39%) and six (11%) cases, respectively, and these aberrations did not correlate with poorer clinical outcome. These results are in keeping with the observations by other investigators who had 4100 cases in their respective study series. 5, 12, 13, 15 These series demonstrated no deleterious effect of loss of a sex chromosome or del(9q) on the outcome of patients with t(8;21). The strength of our series is that the large majority of newly diagnosed patients were treated similarly in a single institution instead of multiple different protocols as in earlier large series, allowing us to assess the prognostic factors across different subgroups despite the relatively small cohort size. The del(9q) was identified as a negative 16 or positive 18 prognostic factor in one study each. In the former study, 7 of 50 patients with del(9q) had a median OS of 12.5 months. 16 In the latter, 8 of 51 patients with an abnormal long arm of chromosome 9 (two with translocations and six with partial deletions) had a longer event-free survival of unspecified time. 18 These two studies highlight the limitation of small study series and difficulty comparing data from various study series.
In an earlier study from our institution published in 1998, 7 marked leukocytosis, defined as a white cell count of 420 k/ml, negatively impacted patient survival. This finding was not confirmed in this study. It is possible that this may be explained by changes in the treatment regimen. Most patients in this study were treated with fludarabine and ara-C. Fludarabine is a purine analog that inhibits DNA and enhances intracellular concentration of the active metabolite of ara-C. 29 Our study is the only one that focused on patients with AML associated with t(8;21) treated primarily with fludarabine and ara-C rather than the conventional regimens. The study by Appelbaum et al, 15 though also comparing a regimen based on fludarabine and ara-C with other 15 this approach clearly has limitations. The survival rate of our patients was comparable to most other reports, 12, 14, 15 but was lower than a British study-56 vs 69%.
5 This is likely due to less strict criteria for complete remission, as acknowledged by the authors, and inclusion of patients treated with bone marrow transplantation at the first remission in the British study. Further analysis could not confirm that CD56 expression was associated with poor survival in our group though only 29 patients were analyzed for this marker. As only one study patient presented with an extramedullary myeloid tumor, we were unable to determine its impact on patient outcome. However, we did observe that this phenomenon was more common in patients with relapsed disease (16%).
Rare studies in the past have disputed the concept that AML with t(8;21) was a favorable group compared with other AML with maturation. 9, 30, 31 The dichotomy is evident in a recent Korean study, which demonstrated no survival difference between AML with t(8;21) and without t(8;21). 8 It is possible that the discordance may be due to the difference in the genetic makeup of the study patients or regimens employed. Only one study published so far revealed a shorter survival of nonwhite patients than white patients in AML associated with t(8;21) when certain secondary cytogenetic aberrations are present. 12 More studies are needed to investigate whether survival differences in different ethnic groups are related to biological differences or chemosensitivity. Recent studies have emphasized the role of RTK gene mutations, such as FLT3/ITD and c-KIT/D816V, in leukemogenesis. The frequency of c-KIT mutations ranges from 24 to 39% in AML with t(8;21) compared with less than 2% in AML cases overall, and is reported to negatively impact OS and eventfree survival. 24 Similar results were reported in pediatric patients with t(8;21)-AML.
32 FLT3 mutations have been detected in up to 30% of AML cases and correlate with a poor prognosis. 24, 33, 34 In our experience, FLT3 and RAS mutations are uncommon in AML with t(8;21)-10% or less of cases assessed were positive for FLT3 or RAS mutations. By contrast, c-KIT mutation was identified in a quarter of patients, more often in the group with short survival. In this study, we were unable to show that c-KIT mutation impacts survival. However, this may be attributable to sample size. We did show that patients with mutated AML (c-KIT, FLT3 or RAS) had a significantly worse prognosis than the rest in the study. The single patient who was still alive and free of disease 61 months after diagnosis, despite having c-KIT mutation, had multiple relapses requiring allogeneic bone marrow transplantation. On the other hand, three patients with extremely short survival (o7 months) did not carry c-KIT (D816V/D816Y), FLT3 (ITD or D835) or RAS mutations and two of these cases had isolated t(8;21). Dicker et al 35 found trisomy 13 as a mechanism of FLT3 overexpression in AML as FLT3 is located on chromosome 13. We did not find any case with trisomy 13 in our study. These findings suggest that 36 reported that the absence of CD19 expression correlates with c-KIT mutation. However, we did not confirm this finding in our study. Of the five patients with c-KIT mutation, the expression levels of CD19 in the leukemic blasts varied from absent to high suggesting that CD19 is not reliable as a surrogate marker for c-KIT mutation.
In summary, the outcome of patients with AML associated with t(8;21) and treated with fludarabinebased regimens is variable and not predictable by conventional cytogenetic data. While cases with mutated c-KIT D816V/D816Y, FLT3 or RAS as a group had a worse survival, several patients with exceptionally short survival did not carry these mutations, suggesting that other molecular factors such chemosensitivity are likely implicated and need to be further explored. Cases with or without isolated t(8;21) are both susceptible to c-KIT mutation and CD19 expression level does not reliably predict c-KIT status.
